Using the positional cloning approach, we have identified siglec-9 (HGMW-approved symbol SIGLEC9) a novel member of the sialic acid-binding Ig-like lectin (Siglec) family, which belongs to the immunoglobulin superfamily (IgSF). We characterized the genomic structure of this gene and determined its chromosomal localization, its homology to other members of the siglec family, and its tissue expression profile. The siglec-9 gene is composed of seven exons, with six intervening introns. The coding region consists of 1392 nucleotides and produces a 463-amino-acid protein. Furthermore, we have localized this gene to 19q13.4, 43.19 kb more telomeric than KLK14 (a member of the kallikrein gene family) through genomic sequencing data and restriction mapping with EcoRI. This novel siglec shows a high degree of homology to many members of the siglec family, including siglec-7 (80%), siglec-8 (72%), siglec-5 (65%), and CD33 (64%). This high degree of homology is also conserved in the extracellular Ig-like domains. Through RT-PCR, we have examined the expression of siglec-9 in a large number of tissues and have found relatively high-level expression in bone marrow, placenta, spleen, and fetal liver. Based on its homology to CD33, we speculate that this gene may also have some utility as a target for immunological antineoplastic therapy.
INTRODUCTION
The immunoglobulin superfamily (IgSF) 2 encompasses a large number of cell surface molecules that play a vital role not only in immunity, but also in controlling the behavior of cells in various tissues, through their ability to mediate cell surface recognition events. These molecules are characterized by the presence of at least one immunoglobulin (Ig) domain, a sandwich of two ␤-sheets stabilized by a conserved disulfide bond. The core of this domain is composed of ␤-strands A, B, and E in one sheet and G, F, and C in the other and arises from the ends of the domain sequence (Williams and Barclay, 1988) . In between, however, there is a great deal of sequence length variation. Such Ig domains occur in two types, the V set and the C set, and can be distinguished based on patterns of conserved amino acid residues responsible for forming the characteristic ␤-sheet sandwich. V-set domains consist of about 65-75 amino acid residues between conserved cysteines, whereas C-set domains have about 55-60 residues (reviewed in Williams and Barclay, 1988 ). The C-set domains can be further divided into C1 and C2 sets and are distinguished by the fact that, although showing signs of a C-set domain, the latter halves of the C2-set domains exhibit sequence patterns more homologous to V-set domains rather than C1-set domains (Williams et al., 1989) .
Recently, a novel family of structurally related IgSF molecules were identified, which mediate protein-carbohydrate interactions through specific interactions with sialic acid-containing glycoproteins and glycolipids . This family was originally referred to as the sialoadhesins, but has recently been designated the sialic acid-binding Ig-like lectin (Siglec) family . These molecules are characterized by the presence of one N-terminal V-set domain and a variable number of downstream C2 set domains, ranging from 16 in sialoadhesin to 1 in CD33 . Furthermore, these Ig-like domains possess some unique features. In the V-set domain, the conserved cysteine in ␤-strand F of classic V-set domains is absent, while a highly conserved cysteine is present in ␤-strand E in all siglecs identified thus far. This results in the cysteines in ␤-strands B and E being next to each other in one ␤-sheet, which likely results in an intrasheet disulfide bond Williams et al., 1989) . There is also an additional highly conserved cysteine residue in both the V-set and the first C2-set domains of all siglecs. In the V-set domain, it is located at the beginning of ␤-strand B, while in the C2-set domain it is found between ␤-strands B and C. These two additional cysteines have been found to form an interdomain disulfide bond, a feature unique to siglecs Pedraza et al., 1990) .
Currently, the siglec family consists of sialoadhesin (Siglec-1), CD22 (Siglec-2), CD33 (Siglec-3), myelinassociated glycoprotein (MAG) (Siglec-4a), Schwann cell myelin protein (SMP) (Siglec-4b), OB-binding protein 2 (Siglec-5), OB-binding protein 1 (Siglec-6), p75/ AIRM1 (Siglec-7), and Siglec-8 (Cornish et al., 1998; Crocker et al., 1998; Falco et al., 1999; Floyd et al., 2000; Nicoll et al., 1999; Patel et al., 1999) . Each member of the Siglec family is expressed by specific cell types and exhibits a distinct function. Sialoadhesin is a macrophage-restricted adhesion molecule (Crocker et al., 1994) , CD22 is B lymphocyte-specific and regulates its activation (Stamenkovic and Seed, 1990) , CD33 is a myeloid-specific inhibitory receptor (Ulyanova et al., 1999) , and MAG functions in the formation and maintenance of axonal myelin structure (Li et al., 1998) . Siglec-5 and -6 (OB-BP2 and -BP1, respectively) are expressed in several tissues including placenta and peripheral blood leukocytes and have shown an in vitro ability to bind leptin (Cornish et al., 1998; Patel et al., 1999) , siglec-7 (p75/AIRM1) is an inhibitory receptor expressed predominantly on human natural killer cells (Falco et al., 1999; Nicoll et al., 1999) , and siglec-8 is specifically expressed by eosinophils (Floyd et al., 2000) .
In this paper we describe the identification and molecular characterization of the gene encoding siglec-9, 3 a novel member of the siglec family (OB-binding protein-like, GenBank Accession No. AF135027). The putative protein product displays a high degree of homology with the recently identified siglec-7 and siglec-8, as well as with siglec-5 and siglec-6. Further, it possesses all the structural features found in other siglecs, mentioned previously. We have characterized the genomic structure of this novel siglec, finding that it is encoded by seven exons. In addition, we have examined its tissue expression through RT-PCR, which revealed high-level expression in bone marrow, placenta, spleen, and fetal liver, as well as expression in other tissues at lower levels.
MATERIALS AND METHODS
New gene identification. Nucleotide sequencing data for approximately 130 kb on chromosome 19q13.4 were obtained from the Lawrence Livermore National Laboratory (LLNL) Web site (http:// www-bio.llnl.gov/genome/genome.html), in the form of one contig (clone BC349142 contig 56). This genomic sequence was subjected to a number of computer algorithms (gene prediction programs) designed to predict the presence of putative new genes. All programs used were previously thoroughly evaluated in our laboratory using a large number of known genes (Yousef et al., 1999a Expressed sequence tag (EST) identification. The genomic sequence of the putative new gene was subjected to a homology search against the human EST database using the BLASTN algorithm (http://www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1997) . Clones showing Ͼ95% homology were obtained from the IMAGE Consortium through Research Genetics Inc. (Huntsville, AL). The clone obtained was then propagated according to the supplier's instructions, purified, and sequenced from both directions with an automated sequencer, using the insert-flanking vector primers T3 and T7.
Molecular characterization of siglec-9. The sequence derived from the computer-predicted exons of our putative new gene was also used to search the nonredundant protein sequence database, using the BLASTP algorithm (Altschul et al., 1997) . Several proteins showing a high degree of homology were selected, and their nucleotide coding sequences were aligned with our predicted coding sequence using the ClustalX multiple alignment program (Jeanmougin et al., 1998) . From this, we selected regions on our putative gene that showed the least amount of homology to the others and designed PCR primers F1 (TCACCGGCTCTCTGTGAATG) and R1 (GTCT-TCTGCCCAAGGTTCAG). Using these primers, we performed PCR on bone marrow cDNA, prepared as discussed below and chosen based on the tissue expression results. The PCR conditions were as follows: 2.5 units HotStar Taq polymerase (Qiagen, Valencia, CA), 1ϫ PCR buffer with 1.5 mM MgCl 2 (Qiagen), 1 l cDNA, 200 M dNTPs (deoxynucleoside triphosphates), and 250 ng of primers, using the Mastercycler gradient thermocycler (Eppendorf Scientific, Inc., Westbury, NY). The temperature profile was denaturation at 95°C for 15 min followed by 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min for a total of 35 cycles, followed by a final extension at 72°C for 10 min. The PCR product was subjected to electropheresis on a 2% agarose gel and stained with ethidium bromide. Aliquots of the PCR products were subsequently extracted from the gel, and the purified DNA was directly sequenced using an automated sequencer.
To verify the sequence surrounding the proposed start codon, another set of primers were designed, again derived from regions showing a low level of homology with other known genes: F3 (TC-CTCTAAGTCTTGAGCCCG) and R3 (CAGACGTTGAGATG-GACGGT). PCR was performed using bone marrow cDNA, prepared as described below. The conditions used for the PCR were identical to those discussed previously, with electrophoresis of the PCR product on a 2% agarose gel, gel extraction, and automated sequencing as before.
Following final characterization of the genomic structure of siglec-9, the putative protein product was aligned with the protein sequences of the other siglec family members using the ClustalX multiple sequence alignment tool. Further, phylogenetic analysis was performed using ClustalX in combination with TreeView (Page, 1996) .
Our putative protein was assessed for the presence of a possible signal peptide, using SignalP v1.1 (http://www.cbs.dtu.uk/) (Nielsen et al., 1997) . Further, for the prediction of transmembrane domains, two independent algorithms were used, TMpred (http://www.ch. embnet.org/software/TMPRED_form.html) and DAS (http://www. biokemi.su.se/ϳserver/). In addition, the hydropathic profile of this novel siglec was determined, using the Kyte-Doolittle method (http://bioinformatics.weizmann.ac.il/hydroph/plot_hydroph.html).
Mapping and chromosomal localization of siglec-9. As mentioned previously, the contig on which the siglec-9 gene was identified was obtained from the LLNL. EcoRI restriction maps were obtained from the LLNL and were also generated using the Webcutter restriction analysis tool (http://www.firstmarker.com/cutter/cutter2.html), for both this contig and the adjacent, more centromeric contigs, contain-ing the recently identified kallikrein gene family (Diamandis et al., 2000; Yousef et al., 1999a) . Overlapping restriction fragments were identified and used to order the contigs and determine the distance between KLK14, the most telomeric member of the kallikrein gene family, and this novel siglec.
Tissue expression. Total RNA from 28 normal human tissues was obtained (Clontech, Palo Alto, CA), and reverse transcription was performed using SuperScript II, according to the manufacturer's instructions (Gibco BRL, Gaithersburg, MD). PCR was then performed using primers F2 (CGTGGGAGATACGGGCATAG) and R2 (AAAAGGGAGGGCACAGTGTG), using the same PCR conditions described previously. PCR for actin was also performed as described elsewhere (Yousef et al., 1999b) , as a control for cDNA quality.
RESULTS

Identification of Siglec-9 on 19q13.4
Computer analysis of the approximately 130-kb contig predicted a putative new gene consisting of six exons. Five of these were predicted by at least three programs, with only one exon being predicted by two of the four programs (Table 1) . A homology search for the putative new gene against the human EST database revealed the presence of one unique EST (GenBank Accession No. AA936059), which showed 98% identity to the sixth predicted exon.
We proceeded to sequence the entire insert of this EST, followed by alignment of this nucleotide sequence with the genomic sequence of our putative gene, using the "BLAST 2 sequences" program. This revealed the presence of an additional area, between predicted exons 5 and 6, with 98% identity to the EST. This suggested that there was an additional exon in this area that was not detected by the prediction algorithms used.
Characterization of the Genomic Structure of the Siglec-9 Gene and Its Protein Product
Based on the existence of an EST almost identical to part of our putative gene, we postulated that this, in fact, is a novel gene. With the aid of unique primers, designed as discussed under Materials and Methods, we were able to perform RT-PCR on bone marrow cDNA and isolate two additional products, both encompassing multiple predicted exons. Upon sequencing of these PCR products, we confirmed the presence of all six predicted exons, as well as the newly identified exon, found from the EST sequence. With both cDNA and genomic sequence at hand, we determined the genomic organization of this new gene (Fig. 1) . We found that the gene encoding this novel siglec encompasses a genomic area of 5421 bp. It is composed of seven exons, with six intervening introns. The lengths of the exons are 509, 279, 48, 267, 91, 97, and 417 bp. All the intron/exon splice sites and their flanking sequences are closely related to the consensus splice sites (-mGTAAGT. . .CAGm-, where m is any base) (Iida, 1990) .
The proposed protein coding region of the siglec-9 gene consists of 1392 nucleotides, producing a 463-amino-acid protein, with a predicted molecular mass of 50.1 kDa, excluding any posttranslational modifications. The translation initiation codon (ATG) at position 1171 of the first exon (according to the numbering of our GenBank Accession No. AF135027) was chosen because: (1) the flanking region surrounding that codon closely matches the Kozak consensus sequence for translational initiation, particularly at position Ϫ3 (a purine), which appears to be the most highly conserved (Kozak, 1991) , and (2) using this initiation codon, the proposed protein contains an N-terminal signal sequence that shows a high degree of homology to other similar proteins (see below). The 3Ј terminus of the siglec-9 gene was verified by the presence of a poly(dA) tail present in the EST sequence. Further, the coding sequence of this gene possesses a 5Ј untranslated region of at least 88 nucleotides, as well as a 3Ј untranslated region of 228 nucleotides.
Examination of the hydrophobicity profile of the putative siglec-9 protein revealed two regions with long stretches of hydrophobic residues. The first of these occurs at the N-terminus, suggesting the presence of a signal peptide, and is consistent with findings from a 
FIG. 1.
Siglec family multiple alignment. Siglec-9 was aligned with siglec-5 to -8 and CD33, using ClustalX (Jeanmougin et al., 1998) . The signal peptide was determined through computer prediction, and the Ig domain boundaries were assigned based on exon boundaries (shown with bent arrows). The transmembrane domain was also predicted, while taking into consideration exon boundaries as well. The ITIM-like and SLAM-like motifs are indicated, as are the conserved cysteines (*) that form the disulfide bonds of the Ig-like domains in siglecs and the conserved arginine and aromatic residues (¤) that are responsible for sialic acid binding and specificity.
signal sequence prediction program (Nielsen et al., 1997) , which predicts a 17-amino-acid residue signal sequence. The second region occurs between residues 349 and 370, suggestive of a transmembrane domain, and is consistent with results from transmembrane region prediction programs. Based on this information, we postulate that the protein product of this novel gene is a type I transmembrane protein, after cleavage of the 17-residue signal sequence.
Mapping and Chromosomal Localization of Siglec-9
The contig in which we identified the gene encoding siglec-9 is located at 19q13.4, telomeric to the kallikrein gene KLK3 (PSA). Previous studies in our laboratory have identified and mapped the kallikrein gene family locus on this region of chromosome 19 (Diamandis et al., 2000; Yousef et al., 1999a) . The contig containing the novel siglec gene was found, through EcoRI restriction mapping, to be located adjacent to this kallikrein gene family. The siglec-9 gene is located 43.19 kb more telomeric than KLK14, at 19q13.4. A detailed physical map of the area, which contains some known genes and the newly identified siglec gene, is shown in Fig. 2 . By computer analysis, we did not predict any other genes between KLK14 and this novel siglec.
Homology with Other Siglec Family Members
Using the predicted protein sequence, we performed a homology search against the GenBank database using the BLASTP program. Siglec-9 showed a high degree of homology to other known members of the Siglec family (Table 2) . We further performed a multiple alignment of siglec-9 with the other family members, using the ClustalX alignment program. As is evident in Fig. 1 , the N-terminal signal sequence is highly conserved within this family of proteins. Furthermore, our protein contains Ig domains typically found in Siglec family members: an N-terminal V-set domain, followed by multiple C2-set domains . This novel siglec contains a total of three Ig domains, a V-set domain and two C2-set domains, based on homology with known Ig domains. As shown in Table 3 , the V-set domain and both C2-set domains are highly similar to siglec-7 and -8. Siglec-9 exhibits conservation of the cysteine residues in the V-set domain and first C2-set domain, which form the two characteristic disulfide bridges in other Siglec family members. The V-set domain also possesses a conserved arginine that has been found to be essential for sialic acid binding (van der Merwe et al., 1996) , as well as two conserved aromatic residues in ␤-strands A and G that have been found to make hydrophobic contacts with the N-acetyl and glycerol side groups of N-acetyl neuraminic acid (May et al., 1998) . As is evident from Fig. 1 , siglec-9 also possesses this critical arginine, as well as one of the aromatic residues. The domain boundaries were determined based on the one domain:one exon rule (Williams and Barclay, 1988) , while taking into consideration the domain assignments of others (Cornish et al., 1998; Crocker et al., 1998; Falco et al., 1999; Nicoll et al., 1999; Patel et al., 1999) .
Examination of the transmembrane and intracellular domains of Siglec family members reveals that it is more variable than the extracellular domain. However, there are regions that show a high level of conservation. As shown in Fig. 1 , all the Siglecs possess a single   FIG. 2 . Localization of the siglec-9 gene. The physical map of the 314-kb genomic area around chromosome 19q13.3-q13.4 where the kallikrein gene family resides. Gene lengths are presented above each arrow, and distances between genes are shown below. Arrows denote the direction of transcription. The siglec-9 gene resides 43.2 kb telomeric to the KLK-L6 gene. For more details on this genomic region, see Diamandis et al. (2000) . KLK, kallikrein. a GenBank accession numbers for each of the siglec family members are also shown, in parentheses.
b Homology was determined using the BLASTP algorithm.
transmembrane domain, consisting of approximately 25 residues. In addition, within the cytoplasmic domain, we notice the presence of two highly conserved motifs. The first of these, L(HQ)YA(SV)L, exhibits similarity to an immunoreceptor tyrosine kinase inhibitory motif (ITIM), which has a 6-amino-acid consensus sequence (ILV)xYxx(LV) (Burshtyn et al., 1997; Vivier and Daeron, 1997) . The second motif, TEYSE(IV), is homologous to a sequence (TxYxx(IV)) recently found in the signaling lymphocyte activation molecule (SLAM) that is responsible for the binding of the SLAM-associated protein (SAP) (Coffey et al., 1998; Sayos et al., 1998) . Phylogenetic analysis of the entire siglec family was performed using ClustalX and TreeView. This revealed that siglec-9 is very closely related to siglec-7, followed by siglec-8 (Fig. 3) . It is evident that this novel gene, which encodes a putative siglec protein, is the newest member of the siglec family. It possesses all the necessary features, including the Ig-like domains, the type I transmembrane topology, and the conserved cytoplasmic motifs, and shows a close phylogenetic relationship to the other siglec family members.
Tissue Expression Profile of Siglec-9
RT-PCR was performed on a panel of tissue-specific total RNA preparations (Fig. 4) . We have found high levels of expression of siglec-9 in bone marrow, placenta, spleen, and fetal liver. Lower levels of expression were also evident in fetal brain, stomach, lung, thymus, prostate, brain, mammary, adrenal gland, colon, trachea, cerebellum, testis, small intestine, and spinal cord. Expression of siglec-9 was absent in heart, a GenBank accession numbers for the siglecs listed are the same as those shown in Table 2 .
FIG. 3.
Phylogenetic analysis of the siglec family. The phylogenetic tree was created using ClustalX (Jeanmougin et al., 1998) and TreeView (Page, 1996) . The scale bar shown indicates the number of substitutions per site. As is evident, siglec-7 and siglec-9 are very closely related, and they are both related to siglec-8, in addition to a more distant relation to the other siglecs. skeletal muscle, pancreas, and ovary. All PCR products obtained were of equal length and corresponded to the length of the product obtained from an overlapping EST (Accession No. AA936059). Sequencing of the PCR products ensured specificity.
DISCUSSION
Using the positional cloning approach, we have identified siglec-9, a novel gene belonging to the siglec family. This gene is composed of seven exons, with six intervening introns. The coding region of this gene is composed of 1392 nucleotides, producing a 463-aminoacid protein, with a predicted molecular mass of 50.1 kDa. This gene is located at 19q13.4, 43.19 kb telomeric to the newly identified kallikrein KLK14. The high degree of homology between this novel siglec and other siglecs provides strong evidence that this protein also plays a role in sialic acid-dependent protein-glycoprotein or protein-glycolipid interactions. It possesses the unique pattern of conserved cysteine residues in its Ig-like domains, which are found only in members of the siglec family. Furthermore, siglec-9 possesses the conserved arginine residue, which has been found to be essential for sialic acid binding (van der Merwe et al., 1996) . Of note, however, is that it possesses only one of the two conserved aromatic residues in the V-set domain, which may be suggestive of a unique sialic acid specificity, differing from that of previously identified siglecs.
We examined the tissue expression profile of siglec-9 and found that it is highly expressed in bone marrow, placenta, spleen, and fetal liver. The high level of expression of this novel siglec in bone marrow, and tissues involved in stem cell differentiation, is consistent with findings from groups investigating the other siglec family members. All currently known siglecs have been found to be expressed in some type of bone marrow stem cell-derived cell, ranging from myeloid progenitor cells for CD33 and eosinophils for siglec-8, to natural killer cells for siglec-7 and B lymphocytes for CD22. We speculate that siglec-9 is predominantly expressed on a distinct subset of immune cells, where it plays an intercellular signaling role. This is supported by the presence of ITIM-like and SLAM-like motifs in the cytoplasmic domain of this novel siglec, with similar domains in other siglecs. ITIM motifs are consensus binding sites for the SH2 (src homology 2) domains of the phosphatases SHP-1 and SHP-2 (Borges et al., 1997; Le Drean et al., 1998) . It has been reported that the phosphorylation of the ITIM-like motif in CD22 results in the recruitement of the phosphatase SHP-1, suggesting a possible function of this siglec as a B cell receptor-associated negative coreceptor (Vivier and Daeron, 1997) . The second cytoplasmic motif has been identified in SLAM and several SLAM-like proteins, a family of immunoregulatory molecules of the IgSF, and is responsible for the binding of a new SH2-containing molecule, SAP (Coffey et al., 1998; Sayos et al., 1998) . The binding of SAP was shown to inhibit the binding of SHP-2 to its respective binding site on these SLAM proteins. The presence of such a motif in siglec-9, and other siglecs, suggests that there may be a similar regulatory mechanism present in the cytoplasmic domains of siglecs, with SAP inhibiting the binding of SHP-1 and SHP-2 to the ITIM-like motif.
The regulation of SHP-1 and SHP-2 binding to ITIM motifs, and thus their activation, very likely affects downstream tyrosine-kinase-dependent pathways by regulating the phosphorylation state of components in these pathways (Burshtyn et al., 1997) . Thus, the siglec family of ITIM-and SLAM-bearing receptors probably plays a role in controlling the activation of a number of cell types. By extension, it is possible that these siglecs may be involved in the regulation of tumor growth. CD33 has already been identified as an important marker for the diagnosis of acute myelogenous leukemia (AML), particularly for the undifferentiated form, and serves to distinguish AML from lymphoid leukemias (Bernstein et al., 1992; Dinndorf et al., 1986; Griffin et al., 1984) . Recently, Kossman et al. (1999) and Sievers et al. (1999) have reported the use of anti-CD33 monoclonal antibodies in phase I studies for the treatment of AML and have shown selective ablation of malignant hematopoiesis. It is possible that this newly identified member of the siglec family may also have some utility as a target for immunological antineoplastic therapy.
